Presplit blasting can reduce vibration and back impact induced by cast blasting, thus resulting in a smooth bench slope. To design reasonable presplit blasting parameters, this research investigated the formation of presplit faces based on the explosion mechanics and revealed the cracking mechanism of presplit blasting. According to the stress distribution in the vicinity of the blast holes under the action of explosive stress waves and blasting gas, we deduced theoretical formulae for parameters including charge mass in blast holes, hole spacing, and distance from presplit blast holes to cushion holes. On this basis, a method was proposed for the design of large-diameter deep-hole presplit blasting. Field testing was conducted by setting different spacing for presplit blast holes, to monitor the blasting-induced vibration. e results showed that appropriate hole spacing can reduce the particle vibration velocity and the attenuation index of blasting-induced vibration changed slightly while the attenuation coefficient decreased significantly; the formed presplit faces were smooth and had a high half-cast factor. Finally, the reasonable hole spacing for presplit blasting, distance from presplit blast hole to the cushion hole, and the charge mass in blast holes in the Heidaigou open-pit coal mine were determined, respectively.
Introduction
Presplit blasting is a controlled blasting technology setting dense blast holes along the excavation boundary which are detonated before blasting of primary blast holes, so as to form presplit cracks between the blast area and the reserved area. It reduces damage to the primary blast holes and reserved rock mass and forms smooth profiles after blasting [1, 2] . Presplit blasting can decrease blasting-induced disturbance and damage, protect the integrity of the rock mass, and form a smooth excavation face. Owing to these advantages, the technology has been extensively used in numerous projects such as mines, railways, and hydraulic engineering works [3] .
In an open-pit coal mine, the profile of the slope is generally controlled by the presplit blasting, so as to obtain a smooth slope and reduce ground motion induced by production blasting [4] [5] [6] . Presplit blasting is commonly used to reduce the back impact and produce smooth bench slopes after blasting in the mines applying cast blasting which causes severe damage to slopes due to the large quantities of charge used and violence of the blasting technology. e method can provide safe and uniformly burden-free faces for subsequent blasting [7] [8] [9] .
In the 1960s, presplit blasting first found its large-scale use in electric power projects in Niagara. In terms of cracking mechanism, some scholars believed that the formation of presplit cracks is mainly as a result of the superposition of stress waves due to the simultaneous detonation of adjacent blast holes. Some scholars also suggested that the generation of high-pressure gas in the dynamite explosion plays a decisive role in the formation of the presplit cracks; however, more scholars believed that the presplit cracks are formed under the combined action of explosive stress waves and high-pressure gas [10] . To investigate the formation mechanism of the presplit cracks, Ling proposed a fracture mechanics model of presplit blasting to analyse the effects of stress waves and quasistatic pressure of blasting gas in a blasting-induced fracturing process [11] . Based on the Holmquist-Johnson-Cook model, Hu et al. built a dynamic damage model of presplit blasting and studied the evolution and formation process of the presplit cracks using numerical simulation [12] . rough numerical simulation, Cai et al. reproduced the shattering induced by dynamic impact, propagation, and superposition of stress waves and crack growth driven by blasting gas in a deep-hole presplit blasting process [13, 14] . Wang et al. analysed the mechanism underpinning presplit blasting and applied it to control the caving of underground roadway roofs [15] .
As to the design of presplit blasting parameters, some scholars discussed the use of theoretical calculations to determine relevant parameters of presplit blasting. For example, Chen et al. optimised the formulae proposed by Paine and proposed a calculation method for setting the distance of presplit blast holes [16] . To solve the difficulty in detonating all perimeter blast holes in perimeter blasting, Dai and Yang developed a method for calculating the parameters of controlled perimeter blasting on the condition that adjacent perimeter blast holes have delayed explosion times (they also verified its reliability) [17] . In accordance with the stress wave transmission theory, Cheng and Zhang deduced a formula for calculating the charge for horizontal presplitting [18] . Presplitting comes under the comprehensive influence of a set of factors including diameter and spacing of blast holes, behaviour of explosive, charge mass, charge structure, and physicomechanical properties of the rock mass [19] [20] [21] [22] . As the theoretical formulae only consider some of these factors, they generally return significant calculation error. At present, parameters of presplit blasting are still dependent on empirical formula and improved through blasting trials, so there is a lack of a perfect design method [23] .
As for the vibration-isolation action of presplit blasting, numerous scholars have studied the influences of the presplit face on the ground motion frequency and peak vibration velocity of particles between the blast area and the recording station and analysed the influences of width and depth of the presplit slot on the vibration-isolation effect [24] [25] [26] . Myer investigated the interaction between the explosive stress waves and presplit cracks using an interface model described using joint stiffness [27] . Taking peak vibration velocity of particles as the main index, Hu et al. discussed the propagation characteristics of explosive stress waves under filling conditions and their attenuation while passing through interfaces between presplit cracks and different media by numerical simulation [28] . Lu et al. revealed the vibrationisolation mechanism of the presplit cracks by analysing the interaction between explosive stress waves and presplit cracks and studied the closure and vibration-isolation effect of presplit cracks under the effect of explosive stress waves [29] . Hu et al. investigated the damage process induced by smooth blasting and presplit blasting using numerical simulation and compared the damage caused using the two blasting techniques in high rock slopes [30] . ey believed that the damage to the rock slope is mainly induced by presplit blasting when that blasting technique is used to control the gradient of the slope. e above analysis shows that although presplit blasting has long been studied, a recognised cracking mechanism underpinning presplit blasting remains unclear, as well as a systemic and feasible design method for presplit blasting due to characteristics such as high temperature, pressure, speed of blasting, and anisotropy of the rock mass. e vibrationisolation effects of presplit blasting are generally studied using theoretical calculation and numerical simulation, while there are few field studies thereof. Furthermore, smalldiameter, decoupling charges are commonly adopted in presplit blasting in practical engineering applications: however, owing to the size of most open-pit coal mines, large linear dimensions of production equipment, and massive production capacity required, open-pit coal mines, especially those applying cast blasting, call for the application of large-diameter deep-hole presplit blasting. e formulae for designing parameters of presplit blasting under conditions of charging in small-diameter holes are not absolutely applicable in that context, so relevant studies are rare.
is research demonstrated the presplit blasting mechanism at first. A method for determining the parameters of deep-hole presplit blasting was then proposed based on the theory of blasting. Moreover, field test was carried out to optimise and ascertain the parameters and analyse the vibration-isolation effect of presplit blasting.
Analysis of Cracking Mechanism of Presplit Blasting
In accordance with the theory of rock blasting, a crushed zone, a cracked zone, and an elastically vibrated zone are formed in a rock mass when the explosive is detonated in an infinite rock mass ( Figure 1 ). Among these zones, the crushed zone is formed due to compression failure of rocks under actions of pressure of blast waves and high temperature, and pressure of blasting gas. Under conditions of columnar coupling charge, the radius of the crushed zone is [17] given by
where ρ 0 and ρ represent densities (kg/m 3 ) of the explosive and the rocks, respectively; C p denotes the sound velocity (m/s) in rocks; D denotes the explosive detonation velocity (m/s); σ cd refers to the dynamic uniaxial compressive strength (Pa); and r b is the radius (m) of the blast holes. α � (
, and μ d refers to the dynamic Poisson's ratio of rocks. e cracked zone is formed by the tensile stress of the stress waves and the air wedging effect of blasting gas. When using columnar coupling charges, the radius of the cracked zone is given by 2
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where σ td refers to the dynamic uniaxial tensile strength (Pa) of rocks;
In blasting engineering, it can be stated that μ d � 0.8μ where μ denotes the static Poisson's ratio. For ordinary rocks in blasting, it is approximately that σ cd � ε 1/3 σ c , in which σ c is the static uniaxial compressive strength of rocks and ε refers to the loading strain rate and values ε � 10 2 − 10 4 s − 1 in the crushed zone. e dynamic uniaxial tensile strength of rocks varies with loading strain rate, so σ td � σ t , where σ t denotes the static uniaxial tensile strength of the rock. e region outside the cracked zone is an elastically vibrated zone, where the rocks undergo only elastic vibration, with no damage thereto. e purpose of presplit blasting is not to crush rocks, but to separate the rock mass in the blast area and the reserved area and form presplit cracks. erefore, the blasting technology generally adopts decoupling charges or lowdensity explosive, so that the pressure on the hole wall produced by the explosion is smaller than the dynamic uniaxial compressive strength of rocks, and rocks around the hole wall remain undamaged under pressure. at is, no crushed zone is formed. e presplit cracks are formed as described below.
When adjacent presplit blast holes are detonated at the same time, rock at the hole wall is exposed to a violent impact pressure and stress waves propagate from the hole, thus producing compressive stress in the axial direction and tensile stress in a tangential direction. Long axial initial cracks appear on the blast hole walls along the lines connecting hole centres due to the stress concentration and superposition of stress waves (Figure 2 (a)) [31] . Afterwards, the effect of the quasistatic stress of the blasting gas causes the axial cracks to interconnect and propagate. As the longest axial crack needs the least energy to propagate, the direction of the line connecting hole centres is the preferred direction for crack propagation. In comparison, cracks in other directions develop less, thus ensuring the connection of cracks along the direction of the line of hole centres. Finally, connected cracks of a certain width are formed ( Figure 2 (b)) [32, 33] . e loess was continuously stripped using a bucket wheel excavator, a belt conveyor, and a dump machine; the upper rocks were stripped based on discontinuous mining technology with a single-bucket excavator and a truck; rocks to 42 m thick above the No. 6 coal seam were exfoliated by combining cast blasting and dragline stripping technology; the coal seam was mined adopting a semicontinuous method with a single-bucket excavator, a truck, a semifixed crushing station, and a belt conveyor ( Figure 3) .
Engineering Geology of the Mine
Strata in the benches formed using the cast blasting are mainly distributed in layers with gentle slopes. e strata include coarse-grained sandstone, fine-grained sandstone, and mudstone (Table 1) .
At present, the HDG open-pit coal mine produces more than 3 × 10 8 Mg raw coal per annum. e benches formed by cast blasting are 42 m high (on average). e area of cast blasting is 85 m wide and 660 m or 440 m long ( Figure 4 ). During cast blasting, holes are detonated one by one (by section) and salient parameters related to the cast blasting are given in Table 2 [34] . e line connection mode and detonation sequence are shown in Figure 5 .
At present, there are no buildings near the blasting area, and the production equipment is generally outside the blasting area of 600 m, which is less affected by blasting vibration. To decrease the back impact of cast blasting and form smooth bench slopes, presplit blasting was used together with cast blasting in the HDG open-pit coal mine.
Parameter Design for Presplit Blasting
e key to presplit blasting is to produce connected presplit cracks; however, presplit blast holes are detonated under conditions in which there are no free faces in the frontage. If the blasting parameters are unreasonably designed, closed microcracks are generally produced in hard rock mass; therefore, microcracks are generally developed along the joints and fractures adjacent to presplit blast holes in soft and crushed rock masses, so that the structural plane of a rock mass is seriously damaged, allowing the appearance of damage induced by back impact after the blasting of adjacent blast holes. erefore, it is necessary to design the presplit blasting parameters according to the mechanism underpinning presplit blasting while considering the influences of factors such as behaviour of explosive and the physicomechanical properties of the rock mass [35, 36] .
As the explosive cartridge is heavy (for large-diameter deep holes), this leads to difficulties in transport and filling and affects the construction schedule, and an air-deck charge is generally used, instead of an axial decoupling charge. Moreover, the application of the low-density charge can reduce the detonation pressure: when the charge mass is fixed, it can increase the charge length and therefore improve the distribution of stress produced by the explosive in the axial direction of the blast holes. Main parameters in large-diameter deep-hole presplit blasting include blast hole diameter, dip angle of blast holes, charge mass in the hole, and hole spacing. Among them, hole spacing and charge mass are the most important parameters in presplit blasting. If the spacing between blast holes is large, it is difficult to form smooth presplit faces; on the contrary, the number of presplit blast holes needs to be increased, which results in a high drilling cost. A large charge mass in the blast hole is likely to damage the walls of the presplit blast holes, while a low charge mass is unable to form a presplit face.
Diameter of Blast Holes.
e diameter of blast holes directly influences the efficiency and production cost of construction and needs to be determined by considering geological conditions, type of drilling machines used in the field, and the depth of presplit blast holes. e holes drilled using a large-diameter drilling machine are subject to smaller deviations and have a greater depth. Increasing the hole diameter can enlarge hole spacings and therefore reduce the workload associated with drilling. Moreover, cast blasting in the HDG open-pit coal mine relied on a DM-H2 drilling machine to drill holes (diameter: 310 mm). erefore, the diameter of presplit blast holes was also set to 310 mm in order to simplify construction. Shock and Vibration 5
Dip Angle of Blast Holes.
e dip angle of presplit blast holes is generally the same as that of the production holes. e dip angle of inclined blast holes is generally between 65°a nd 75°according to engineering experience: any dip angle below 65°will lead to difficulties in the drilling and charging stages.
As the high benches in the HDG open-pit coal mine frequently collapsed when blast holes were drilled with a dip angle of 70°, the dip angle of blast holes was set to 65°to ensure the stability of each step.
Charge Mass in Blast Holes.
When an air-deck charge is used, the impact pressure on the walls of blast holes is as follows:
where n, l c , l b , and H represent the increase factor on the pressure (generally 10), the charge length (m), length (m) of blast holes, l b � H/sin β, and height (m) of benches, respectively.
To avoid rock forming the walls around each blast hole from being crushed, and to form interconnected cracks, p 2 ≤ σ cd , and it can be obtained from formula (3) that
e charge mass in each blast hole is given by
where Q represents the charge mass (kg) in each blast hole. e empirical formula commonly used for ascertaining the charge mass in a blast hole is as follows:
where S denotes the spacing between blast holes (m) and q a represents the quantity of explosive consumed per unit area of presplit face, commonly between 0.9 and 1.3 kg/m 2 . A low-density ammonium nitrate fuel oil was selected for presplit blasting in the HDG open-pit coal mine. e density and detonation velocity of the explosive are ρ 0 � 600 kg/m 3 and D � 1,800 m/s, respectively. e static uniaxial compressive strength of rocks is σ c � 37.3 MPa and ε � 10 2 s − 1 . It can be found, using formula (4) , that l c ≤ 3.3 m. By substituting l c ≤ 3.3 m in formula (5) , it can be found that Q � 149.5 kg.
Spacing of Blast Holes.
When the impact pressure on the walls of blast holes is p 2 , the maximum tensile stress produced at distance R from the centre of the blast hole is given by
According to σ θ � σ td , the length of the initial cracks in each blast hole can be calculated as follows:
To make the initial cracks propagate and develop to connected cracks, the following condition should be met:
where S represents the spacing (m) of blast holes and p 1 is the static pressure (Pa) when the blast hole is filled with blasting gas. In addition, p 1 can be calculated using the following formula:
where p c represents detonation pressure (p c � ρ 0 D 2 /4) and p k refers to the critical pressure during the expansion of blasting gas (generally 200 MPa). Meanwhile, V c , V b , c, and k denote charge volume (m 3 ), volume (m 3 ) of blast holes, adiabatic expansion index of air, and isentropic exponent of explosive, respectively. In the research, c and k are 1.4 and 3, respectively. e following theoretical formula of distance of blast holes can be obtained from formula (9):
e empirical formula commonly used for determining the distance of blast holes is [37] as follows:
e dynamic uniaxial tensile strength and dynamic Poisson's ratio of rocks in the benches formed due to cast blasting are σ td � 2.6 MPa and μ d � 0.20. en, it is found that S � 4.0 m using formulae (3), (8), (10) , and (11) .
It is found that S ≈ 3.4 m when S � 11d according to the empirical formula. Suppose that q a � 0.95 kg/m 2 , Q � 150.1 kg can be obtained based on formula (6).
Distance to the Cushion Hole.
Too small a distance between the presplit blast hole and a cushion hole is likely to damage the presplit face, while if the distance is too large, the rocks in front of the presplit blast holes cannot be crushed sufficiently to produce a large amount of blocks. e distance between the presplit blast hole and the cushion hole can be determined using the following formula:
e empirical formula commonly used to determine W is given by
where m � 0.7 to 1.0. It can be found using formula (13) that W � 3.9 m. Suppose that m � 0.85, then it is found from formula (14) 6
Shock and Vibration that W � 4.0 m. e salient parameters pertaining to the presplit blasting used here can be determined in Table 3 .
Charge Structure.
e designed charge structure needs to enable the explosive to be distributed as uniformly as possible in blast holes. To avoid damage to the presplit face around these presplit blast holes, filling a certain section of the hole below the hole mouth with explosive should be avoided. Due to the large clamping effect at the bottom of the hole, the charge mass is increased at the bottom.
An air-spacer divided charge structure was used in these presplit blast holes. Each hole was filled with explosive in three sections: the first section was at the bottom of the hole and L 1 � 1 m higher than the roof of the coal seam, where Q 1 � 0.5Q of explosive was loaded; the second section was L 2 � 25 m to the hole mouth and Q 2 � 0.3Q of explosive was filled therein; the third section was L 3 � 15 m to the hole mouth, where the charge mass was Q 3 � 0.2Q.
As it is able to simplify the procedure, reduce associated workloads, and meet the requirements for production capacity in open-pit coal mines, presplit blast holes were not sealed in the HDG open-pit coal mine.
Detonating Network.
To reduce the vibration induced by presplit blasting, grouped packet delay detonation was used. Every 20 presplit blast holes were classified within a single group. ose detonators in holes in the same group were detonated quasisimultaneously, with a delay time of 9 ms between detonations. A detonating cord was adopted to fire the Nonel detonators in the holes which then detonated the igniting primer (600 g mass) so as to ignite the explosive. e explosive in the presplit blast holes was detonated at between 500 and 600 ms before the primary blast hole detonations. e charge structure and detonating network of the presplit blasting are illustrated in Figure 6 .
Field Application
According to the theoretical formula for calculating parameters of presplit blasting, let σ t � 2.6 MPa, then the relationships of Q, S, and W with σ c can be obtained (Figure 7(a) ); let σ c � 37.3 MPa, the relationships of Q, S, and W with σ t can also be derived (Figure 7(b) ). Figure 7 indicates that as the static uniaxial compressive strength σ c of rocks increases, the charge mass Q and distance S of blast holes both grow at a quasiconstant rate with a fixed distance W to the cushion holes. erein, Q increases at a faster rate. With increasing static uniaxial tensile strength of rocks, the spacing between blast holes and the distance to cushion holes both decrease when using a fixed charge mass in the blast holes, while the rate of decrease gradually slows.
According to the calculation results, the design relied on Q � 150 kg, W � 4.0 m, and S � 3.4 m or S � 4.0 m, and other parameters are the same when conducting presplit blasting tests in situ. Measuring points were set in the rear and to the side of the blast area (Figure 8 ). To collect vibration waveform data, a TC-4850 blasting vibration meter was used to monitor the vibration velocities of blasting particles at each measurement point (Figure 9 ). e vibration-isolation effects of presplit blasting at S � 3.4 m and S � 4.0 m were compared based on the monitored data. e monitored typical waveforms are shown in Figure 10 . At the point of measurement, the maximum resultant velocity is 10.3 mm/s, found at 1.537 s, and the vibration induced by blasting lasts for about 3 s. e peak vibration velocity in the axial direction (Long) is generally the largest compared with those in vertical (Vert) and transverse (Tran) directions.
e vector resultant velocity is approximately equal to the axial peak vibration velocity, both appearing quasisimultaneously. e maximum vibration velocity induced by blasting is generally found between 1.2 and 1.8 s. e vibration velocity is initially low, indicating that the blast-induced vibration components contain small-energy P-waves, high-energy S-waves, and surface waves with a low propagation velocity. e monitoring data are reported in Table 4 . When other parameters are kept unchanged, the vibration velocity of particles at S � 3.4 m is low and the vibration-isolation rate is 20.7% (on average).
Suppose that Q d and R b represent the charge mass per unit delay interval and the distance from the monitoring point to the centre of the blasting source. Let the equivalent distance be X � R b / �� � Q d 3 , the relationship between the vibration velocity v of particles and the equivalent distance X is obtained (Figure 11 ). 
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Regression analysis is conducted on data in Table 4 using formula (15) . e results are summarised in Table 5 .
where K and α denote the attenuation coefficient and the attenuation index. It can be seen from Table 5 that the attenuation indices for blast-induced vibration change (albeit slightly) while the attenuation coefficients decrease by around 22% when S is 3.4 m or 4.0 m. Meanwhile, the in situ testing results revealed that connected cracks were formed under both conditions. e presplit faces were not smooth and suffered the effects of a certain back impact when S � 4.0 m and spallation was likely to occur (Figure 12(a) ); when S is 3.4 m, the presplit face is relatively smooth, with a high half-cast factor (Figure 12(b) ). is indicated that the hole spacing calculated using the theoretical formula is greater, and the main reason is that the theoretical formula does not consider the influence of weak structural plane on the strength of rock mass. erefore, it was finally determined that the hole spacing in presplit blasting in the HDG open-pit coal mines should be 3.4 m, the distance from the presplit blast hole to the cushion hole should be 4.0 m, and the charge mass in each blast hole should be 150 kg. e practical application of the method proved that presplit blasting can reduce the cost of maintenance of slopes, enhancing the stability thereof, and thereby improving the safety of the operation.
Conclusions
(1) For large-diameter deep holes, an air-deck charge is generally used, and the application of the lowdensity charge is applied to reduce the detonation pressure, increase the charge length, and therefore improve the distribution of stress produced by the explosive in the axial direction of the blast holes. Hole spacing and charge mass are the most important parameters in presplit blasting. If the spacing between blast holes is large, it is difficult to form smooth presplit faces; on the contrary, the number of presplit blast holes needs to be increased, which results in a high drilling cost. A large charge mass in the blast hole is likely to damage the walls of the presplit blast holes, while a low charge mass is unable to form a presplit face. (2) As the static uniaxial compressive strength σ c of rocks increases, the charge mass Q and spacing S of blast holes both grow at a quasiconstant rate with a fixed distance W to the cushion holes. erein, Q increases at a faster rate. With increasing static uniaxial tensile strength of rocks, the spacing between blast holes and the distance to cushion holes both decrease when using a fixed charge mass in the blast holes, while the rate of decrease gradually slows.
(3) e peak vibration velocity in the axial direction is generally the largest compared with those in vertical and transverse directions. e vector resultant velocity is approximately equal to the axial peak vibration velocity, both appearing quasisimultaneously. e maximum vibration velocity induced by blasting is generally found between 1.2 and 1.8 s. e vibration velocity is initially low, indicating that the blast-induced vibration components contain small-energy P-waves, high-energy S-waves, and surface waves with a low propagation velocity. (4) When the spacing of presplit blast holes was 3.4 or 4 m in HDG open-pit coal mine, the vibration velocity of particles at a hole spacing of 3.4 m was slower and the average vibration reduction ratio was 20.7%; the attenuation index of blasting-induced vibration changed slightly while the attenuation coefficient decreased by about 22%; the formed presplit faces were smooth and had a high half-cast factor. Finally, it is determined that the reasonable hole spacing for presplit blasting, distance from presplit blast hole to the cushion hole, and the charge mass in blast holes in the HDG open-pit coal mine are 3.4 m, 4 m, and 150 kg, respectively.
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